Total ionization cross sections of neutral carbon, nitrogen, and oxygen atoms by electron impact are presented. In our theory we have included the possibilities that ͑a͒ some target atoms used in an experiment were in metastable states close to the ground state, ͑b͒ excitation-autoionization of 2s2p m exited states may be substantial, and ͑c͒ ions produced in experiments may be in excited, low-lying metastable states. The binaryencounter Bethe ͑BEB͒ model of Kim and Rudd ͓Phys. Rev. A 50, 3954 ͑1994͔͒ is used to calculate the cross sections for direct ionization. Plane-wave Born cross sections scaled by the method developed by Kim ͓Phys. Rev. 64, 032713 ͑2001͔͒ are used to determine the contributions from excitation-autoionization. A sum of the BEB cross sections for direct ionization weighted according to the statistical weights of the final ion states is used to modify the direct ionization cross sections. The combination of the BEB model and the scaled Born cross sections is in excellent agreement with available experimental data. The present method can easily be extended to heavier open-shell atoms.
I. INTRODUCTION
During the past decade, several powerful theoretical methods to calculate electron-impact ionization cross sections for the hydrogen atom have emerged in the literature ͓1-5͔. These methods essentially solve the Schrödinger equation for two electrons with both electrons in the continuum, and are in principle capable of deducing differential ionization cross sections as well as total ionization cross sections. The detailed, sometimes overwhelming, volume of collision data from these theoretical methods requires substantial computational resources, and many of the methods are limited to one-electron atoms and atoms that can be represented by an effective one-electron model. Extensions of these methods ͓6,7͔ and extensions of the R-matrix method ͓8͔ to many-electron atoms are now appearing in the literature.
We anticipate that these fundamental theories will eventually provide collision data for atoms with complex structure with the steady progress in computing power. Until such time, however, there is an acute need for simple, flexible, and reliable theoretical methods to calculate electron-impact total ionization cross sections for the large number of neutral atoms and ions with open-shell structures that are used in a wide range of scientific and industrial applications, such as in astrophysics, atmospheric science, x-ray lasers, magnetic fusion, radiation physics, and semiconductor fabrication. For such applications, ionization cross sections must be reliable not only at high incident energies, but also at low and intermediate incident energies.
In this article theoretical total ionization cross sections, which were calculated using a combination of the binaryencounter Bethe ͑BEB͒ model ͓9͔ for direct ionization and scaled plane-wave Born ͑PWB͒ cross sections for excitationautoionization ͓10͔, are compared to available experimental data on carbon, nitrogen, and oxygen. For these and most open-shell atoms in the periodic table, several issues unique to open-shell atoms must be addressed to obtain reliable total ionization cross sections.
The first issue is the initial state of the target atom. Because most open-shell atoms have metastable terms close to the ground term with the same electronic configuration, a substantial number of target atoms may be in such metastable terms depending on the way the target atoms are prepared in an experiment. For example, Brook et al. ͓11͔ and Freund et al. ͓12͔ generated target atoms by neutralizing positive ions through charge exchange. Their experimental data on the threshold behavior clearly demonstrate that some of their target atoms such as nitrogen, phosphorus, and arsenic were in metastable terms.
The second issue is the indirect ionization through excitation-autoionization. For aluminum, for instance, the autoionization of the 3s3 p 2 2 S and 2 P terms contributes to the total ionization almost as much as the direct ionization of the 3s and 3p electrons ͓13͔ does. The fact that some atoms may initially be in a metastable term brings another level of complication; the important autoionizing states are different for the ground and metastable terms because the spin quantum numbers for the ground and metastable terms are usually different.
The third issue is that in most experiments no distinction is made of the final state of the ions produced. Most openshell atoms will produce ions that also have metastable terms with the same electronic configuration as the ground term of the ion. This problem is solved in a rigorous theory by choosing the appropriate exit channels. However, the BEB model ͓9͔ does not explicitly use final-state wave functions. Within the context of the BEB model, exit channels can be identified only by using different ionization energies needed to reach metastable ion states from the initial state of a target atom. A simple way that is compatible with the BEB model to calculate partial cross sections for the production of different ion states is presented in this paper.
The main objective of this paper is to demonstrate that the combination of the BEB model ͓9͔ and scaled Born cross sections for dominant inner-shell excitation-autoionization ͓10͔ produces total ionization cross sections of modest accuracy (ϳ15% or better at the cross section peak͒ that are reliable from the threshold to several keV in the incident electron energy with far less computational effort than any existing method. This combination can easily be extended to more complex open-shell atoms to obtain ionization cross sections of similar accuracy, using the cases presented in this paper as examples for homologous atoms in the same columns of the periodic table.
Theoretical methods are outlined in Sec. II, applications of the methods to individual atoms and comparisons to available theoretical and experimental results are presented in Sec. III, and conclusions are drawn in Sec. IV.
II. OUTLINE OF THEORY

A. BEB cross section for individual ion states
The binary-encounter Bethe model ͓9͔ is a simplified version of the binary-encounter dipole ͑BED͒ model. The BED model combines the Mott cross section ͓14͔ with the leading dipole part of the Bethe cross section ͓15,16͔, and provides singly differential ͑in secondary electron energy͒ ionization cross sections by electron impact. The total ionization cross section is then obtained by integrating the differential cross section over the secondary electron energy.
In contrast, the BEB model provides only the total ionization cross section for each orbital in the target atom or molecule using the orbital binding energy B, the orbital kinetic energy Uϭ͗p 2 /2m͘, and the orbital electron occupation number N. Neither the BED model nor the BEB model contains any adjustable or empirical parameters.
The BEB cross section for direct ionization of an electron in a bound orbital by an electron of incident energy T is given by ͓9͔
where a 0 is the Bohr radius, R is the Rydberg energy, t ϭT/B, and uϭU/B. On the right-hand side of Eq. ͑1͒, the first logarithmic term came from the leading part of the Bethe cross section, the middle term 1Ϫ1/t from the direct and pure exchange part of the Mott cross section, and the last logarithmic term from the interference between the direct and exchange terms of the Mott cross section. The denominator tϩuϩ1 is often used in binary-encounter theory ͓17͔ to emulate the effective incident energy as seen by the target bound electron. The denominator reduces cross sections near the threshold, where many first-order perturbation theories such as the plane-wave and distorted-wave Born approximations overestimate cross sections.
B. BEB cross section for plural ion states
Note that the target data used in BEB , i.e., B, U, and N, are those for the initial state only. No final-state data are used explicitly, except indirectly through the ionization energy B. This simplicity based on orbitals serves as an advantage for the BEB model when it is applied to complex atoms ͓18͔ and molecules ͓19,20͔.
However, the lack of explicit information on final-state channels in the BEB model makes it necessary to modify the model when the resulting ions have more than one LS term, where L and S are the total orbital and spin angular momenta. For instance, when the nitrogen atom is ionized, the electronic configuration of N ϩ is 2p 2 , which produces three LS terms, 3 P, 1 D, and 1 S. ͑The J-dependent fine structure, where J is the total angular momentum, becomes important only for heavy atoms and highly charged ions.͒ Most experiments on total ionization cross sections do not distinguish the resulting ion states, and hence the theory must sum over these final states, which are often metastable. Ionization energies from the ground levels of C, N, and O and ionization energies from the metastable levels of N are listed in Table I .
The ratios of the ions in different final states that belong to the same electronic configuration of the ion are expected to approach the statistical ratios ͓i.e., the ratios of 2Jϩ1 or (2Lϩ1)(2Sϩ1)͔ in the limit of high T as the coupling between the different final-state channels diminishes and eventually disappears. Near the threshold, resonances dominate the region between the thresholds for different ion states. The BEB model is too simple to reproduce such resonances. To preserve the simplicity of the BEB model and at the same time be consistent with the expected asymptotic ͑high T) ratios of the partial cross sections to produce different ion states, we multiply the BEB cross sections for individual final ion states by the expected statistical ratios, i.e., weight them according to the statistical ratios, before we sum them to obtain the total ionization cross section.
The weighted BEB cross sections are given by
where BEBLS is the BEB cross section to produce an ion in a given LS term calculated from Eq. ͑1͒ using the appropriate ionization energies ͑Table I͒. The sum over LЈ and SЈ covers all final ion states with quantum numbers LЈSЈ that share the same electron configuration. Of course, L and S are one of the allowed LЈ's and SЈ's. The cross section LS is the weighted or partial cross section for the ions in the LS term among all ions produced. The total ionization cross section is then given by
For instance, in the above example of N ϩ ͑1͒ three different BEB 's for the three ion terms 3 P, 1 D, and 1 S, are calculated using appropriate ionization energies B; ͑2͒ the cross sections are weighted by 9/15, 5/15, and 1/15, respectively, for the three ion states; and then ͑3͒ the weighted cross sections are summed to obtain the total ionization cross section. These weighted cross sections may not be realistic partial cross sections for the production of metastable ions close to their thresholds where resonances dominate. However, the comparisons to available experiments shown in the next section indicate that the overall behavior of the total ionization cross sections obtained through Eq. ͑3͒ agrees well with experiments in most of the incident energy range.
C. Excitation-autoionization
The BEB cross section describes only direct ionization, i.e., direct ionization of a bound electron resulting from the collision of the primary and secondary electrons. For openshell atoms, there are often additional, indirect channels of ionization, such as the excitation of an inner-shell electron to an upper bound state that leads to autoionization. When the outermost orbital of an atom is not fully occupied, electrons in the core orbitals can be excited to the outermost orbital. Excitations of this kind may produce excited states which lie either below or above the first ionization limit. The excited states above the first ionization limit must decay either by photoemission without producing an ion or by autoionization by ejecting an electron. When the core electron comes from an orbital with the same principal quantum number as the outermost orbital ͑e.g., 2s2 p m ), cross sections of such excitation-autoionizations tend to be large, sometimes matching the magnitude of direct ionization cross section ͓13͔. Cross sections for these indirect channels must be calculated separately and added to the BEB cross sections for direct ionization before BEB cross sections can be compared to experimental results.
There are excitations of the 2s electrons to higher ''bound'' levels, such as 2s2p 3 ns, np, nd, nу3 , that will autoionize. However, we found such higher excitations contribute ϳ5% or less in Al ͓13͔. We expect these higher excitations to contribute less in C, N, and O because the smaller ratios of the occupation number of the 2s and 2p electrons in the latter will make the autoionization of the 2s excited levels less significant compared to the direct ionization of the 2p electrons. In addition, there are many other effects that we have neglected that will change the total ionization cross section by a few percent, such as the interference between these autoionizing levels and the background continuum. For these reasons, we have included only the autoionization of levels from the 2s→2p excitations.
Again, to preserve the simplicity of the BEB model, we look for a simple way to estimate the contributions from dominant excitation-autoionization channels, keeping in mind that our goal is to calculate total ionization cross sections with a modest accuracy. With this goal, we only have to account for the autoionization of states that can be reached from the initial state of the target atom by dipole-and spinallowed transitions.
The scaled PWB cross section for electron-impact excitation described in ͓10͔, to be referred to as the BE scaling hereafter, has been developed to address this need:
where E is the excitation energy and PWB is the PWB cross section for dipole-and spin-allowed excitations. When PWB is calculated from inaccurate target wave functions it must be scaled further by the ratio of the accurate dipole oscillator strength f accu to the f value calculated from the same wave functions used to calculate the PWB excitation cross section f PWB . This is referred to as f scaling ͓10͔:
Note that the f scaling given by Eq. ͑5͒ is different from past efforts to modify ͑or create͒ electron-impact cross sections using f values, e.g., the Gaunt-factor method. Unlike past efforts, the f scaling multiplies the ratio of f values to the entire PWB without changing its shape. The shape of PWB is altered by the BE scaling. In other words, the BE scaling corrects the shortcomings of the Born approximation, while the f scaling corrects the errors introduced by inaccurate wave functions. These two scalings can be used consecutively, if appropriate. As has been demonstrated for atoms ranging from hydrogen to thallium ͓10͔, the BE scaling and f scaling transform PWB cross sections into results comparable to convergent-close-coupling cross sections ͓1͔ and accurate experiments.
III. RESULTS AND DISCUSSION
Most of the theoretical work on the ionization of C, N, and O published in the 1980s and earlier are variations of the first-order Born approximations, such as the plane-wave, Coulomb-wave, and distorted-wave Born approximations, for both direct ionization and excitation-autoionization and with or without electron exchange. These methods based on the first-order Born approximation produce cross sections too high at low and intermediate T, and the variations used were mostly to reduce cross sections at low T. Such theories had limited success as can be seen in comparisons to experiments summarized by Brook et al. ͓11͔ for Our theory also contains elements of the first-order Born approximation such as the Bethe cross section in Eq. ͑1͒ and PWB in Eqs. ͑4͒ and ͑5͒, while the Mott cross section in Eq. ͑1͒ is an all-order theory, albeit for an idealized collision of two free electrons. However, our final result emulates allorder theory by replacing the incident energy tϭT/B by t ϩuϩ1ϭ(TϩUϩB)/B in Eq. ͑1͒ and T by TϩBϩE in Eq. ͑4͒. This simple shifting of T by a constant amount related to the target structure effectively emulates most of the higher order interactions between the incident and target electrons, such as electron exchange, distortion of the incident wave, and the polarization of the target charge distribution, viz., the correlation between the two colliding electrons ͓9,10,24͔.
The magnitudes of the excitation cross sections that contribute to excitation-autoionization depend on the LSJ quantum numbers of the upper and lower levels. We included only ͑electric͒ dipole-and spin-allowed excitations so that we could apply the BE scaling described in Sec. II C.
The ground terms of neutral carbon (2s 2 2p 2 3 P) and neutral oxygen (2s 2 2p 4 3 P) have fine structures, while the ground term of neutral nitrogen (2s 2 2p 3 4 S) has no fine structure. Carbon, nitrogen, and oxygen have metastable terms with the same electronic configurations as their ground terms but with different total spin and total orbital angular momenta. The existence of metastable target atoms can often be confirmed in experiments by significant ionization below the correct ionization threshold for the ground term, because metastable terms have lower ionization energies. This is the case for the experimental data on nitrogen by Brook et al. ͓11͔ as will be shown later.
To take advantage of our existing computing capability for atomic wave functions, f values, and PWB cross sections, we have used Dirac-Fock wave functions to generate necessary theoretical data (B, U, N, PWB excitation cross sections, f values, etc.͒, although relativistic effects are insignificant in C, N, and O. To match the experimental thresholds, we used experimental ionization and excitation energies for metastable and autoionizing states obtained from the public website of the National Institute of Standards and Technology ͑NIST͒ ͓25͔.
For clarity, we use the shorthand notations 2p 1/2 ϵ2p Ϫ and 2 p 3/2 ϵ2 p ϩ for the relativistic orbitals, and 2p for the nonrelativistic orbital. For BEB cross sections for direct ionization, appropriate J 2 eigenstates are built from only 2s, 2p ϩ , and 2p Ϫ orbitals. For PWB cross sections for excitation-autoionization, multiconfiguration Dirac-Fock ͑MCDF͒ wave functions were built from orbitals with the principal quantum number nϭ2 and 3. Only doubly excited configurations were used for correlation orbitals, and all orbitals were made self-consistent. Proper overlap integrals were included in transition matrix elements to account for the fact that the orbitals in the initial and final states were not orthogonal.
We used the orbital energies as the binding energies B, except that the B value for the least bound orbital was replaced by the experimental ionization energy. Orbital occupation numbers N for the 2s, 2p Ϫ , and 2 p ϩ orbitals have been calculated from the mixing coefficients of relativistic configurations for individual J 2 eigenfunctions. The resulting values of B, U, and N are listed in Table II , along with excitation energies and f values for the autoionizing levels.
The total widths of the fine-structure splitting in the ground states of C and O are small ͑0.0054 eV for C and 0.028 eV for O͒, and hence we have assumed that the target atoms are distributed among the fine-structure levels according to their statistical weights, i.e., 2Jϩ1. Excitation cross sections to the autoionizing levels depend on the initial-state and final-state J values, and hence the total excitation cross sections must be averaged over the initial-state J values.
On the other hand, the fine-structure splittings in individual ion terms are small, resulting in almost identical B values for the ion levels with different J but the same L and S, and consequently almost identical direct ionization cross sections. Therefore, we simply used the B values for the lowest fine-structure level within a given LS term of an ion, and assumed that the direct ionization cross sections for the different J levels of a given ion term are the same.
Although the use of relativistic wave functions results in extra computations compared to nonrelativistic wave functions, relativistic treatment is nevertheless needed when we apply our theoretical method to heavy atoms such as iodine whose fine-structure splitting in the ground term is almost 1 eV.
A. Carbon
The ground configuration of C ϩ is 2s 2 2p 2 P, and there is no metastable term with the same configuration. The finestructure splitting in the ground term of C ϩ is ϳ0.008 eV, and as was explained earlier we calculated separate cross sections for the different J levels only in the ground term of C.
The direct ionization cross section for each of the three J levels in the ground term of C was calculated using Eq. ͑1͒, weighted by (2Jϩ1)/9, and summed to get the total direct ionization cross section. Note that in Table II the orbital occupation numbers N for the 2p Ϫ and 2 p ϩ orbitals for C are strongly dependent on J while the U values are almost independent of J.
Since the ground term of C is a triplet, the only autoionizing triplet term with the configuration 2s2p 3 which is located above the ionization limit is the 3 S term at 13.117 eV above the ground level of C ͓25͔. The electric dipole selection rule allows each of the three J levels of the ground term of C to be excited to the autoionizing level 2s2 p 3 3 S 1 . Multiconfiguration Dirac-Fock wave functions constructed from nϭ2 and 3 orbitals were used for both the ground and excited terms of C to calculate the PWB excitation cross sections. Then, the PWB excitation cross sections were scaled using Eq. ͑4͒ and added to the direct ionization cross sections for each J to obtain the total ionization cross section of C with a specific J. Finally, these J-specific ionization cross sections were averaged with the weight of 2Jϩ1 to get the total ionization cross section of C.
Adding an excitation cross section to a matching direct ionization cross section to obtain the total ionization cross section implies an assumption that the branching ratio for autoionization of the excited state of C is practically 100%, as is common for light atoms. At present, we do not have any reliable data on the branching ratio between the decay by photoemission and autoionization. ͑This situation is different for oxygen as is discussed in Sec. III C.͒ The direct, autoionizing, and total ionization cross sections are listed in Table III . Although the listed cross sections have been averaged over the initial-state fine structure because we have used relativistic wave functions, individual J-dependent cross sections are very close, within a few percent at the peak, as expected from weak relativistic effects in carbon. Our total ionization cross section agrees well with the experimental data by Brook et al. ͓11͔ as shown in Fig. 1 . The experimental data do not show significant cross section at the ionization threshold, indicating that the target beam did not contain many metastable atoms. The theoretical cross sections in Fig. 1 Under normal circumstances, the f values from an R-matrix calculation with a large number of bound states are expected to be more accurate than the f values calculated from MCDF wave functions of limited size. However, since the f value from the Opacity Project relevant to the present case was calculated using the R-matrix method with pseudoorbitals to emulate continuum states, it is unclear if f values from the R-matrix method for states above the first ionization limit are as reliable as the f values for bound states close to the ground state. We chose to trust our MCDF f values instead. Our results in Table III and Fig. 1 are without f scaling and indicate that about 20% of the total ionization cross section comes from excitation-autoionization.
B. Nitrogen
The ground term of N is 2s 2 2 p 3 4 S, and there are no quartet 2s2 p 4 states above the first ionization limit. Hence, if the target atoms belonged solely to the 4 S 3/2 level, there would be no significant contribution to the total ionization cross section from excitation-autoionization.
However, the experimental data by Brook et al. ͓11͔ shown in Fig. 2 clearly exhibit a small but discernible cross section at Tр14 eV, indicating the presence of metastable target atoms. The relevant metastable terms are 2s 2 2p 3 2 D and 2 P, which are 2.38 eV and 3.58 eV above the ground level, respectively. Atoms in these metastable terms can be excited to autoionizing 2s2 p 4 doublet states, if they exist. There should be a 4 P, and 2 P, 2 D, and 2 S terms from the 2s2p 4 configuration. According to the energy levels compiled by NIST ͓25͔, the 4 P term is in the discrete spectrum, and only the 2 D term is observed at 15.03 eV above the ground level.
In an article by Ericsson ͓28͔, who Table I͒ . The form of Eq. ͑1͒ makes the cross section larger if the B of the outermost electron is lower. Hence the direct ionization cross section for producing N ϩ in the 3 P term is the highest. In addition, the statistical weight (2L ϩ1)(2Sϩ1) of 9 for the 3 P term is the largest, followed by 5 and 1 for the 1 D and 1 S terms, respectively. The combination of the lowest B value and the largest weight makes the ͓11͔ using 2 keV and 4 keV ion beams, respectively; the medium-dashed curve is the direct ionization cross section based on the BEB model; the short-dashed curve is the BE-scaled Born cross section for the 2s 2 2p 2 3 P -2s2p 3 3 S excitation; and the solid curve is the total ionization cross section.
FIG. 2.
Partial cross sections of the nitrogen atom as functions of the incident electron energy T. The circles and squares are experimental total ionization cross section by Brook et al. ͓11͔ using 2 keV and 4 keV ion beams, respectively; the short-dashed curve is the partial cross section for producing the ground-state ion N ϩ ( 3 P); the medium-dashed curve is the partial cross section for producing the metastable ion N ϩ ( 1 D); the long-dashed curve is the partial cross section for producing the metastable ion N ϩ ( 1 S); and the solid curve is the sum of the partial cross sections, i.e., the total ionization cross section of the ground-state atom N( 4 S).
partial cross section for the production of N ϩ ( 3 P) the largest ͑from direct ionization͒. The weighted partial cross sections for producing different ion terms from the ground term of N and the sum of the partial cross sections is shown in Fig. 2 . The total ionization cross section from the ground term of N alone, however, is visibly lower than the experimental data, as can be seen in Fig. 2 .
For metastable target N atoms, we must also include excitation-autoionization involving the 2s2p 4 2 D term in the continuum because both metastable terms 2 D and 2 P can reach the excited term by dipole-and spin-allowed transitions. Since the fine-structure splittings in the doublet terms of metastable N are very small, we assumed statistical population of the target atoms in the fine-structure levels, and averaged excitation cross sections accordingly. We used MCDF wave functions to calculate PWB excitation cross sections and transformed them by BE scaling, Eq. ͑4͒. In this manner, we can generate total ionization cross sections as if all target atoms are in one of the three terms, the ground and two metastable. The direct, autoionizing, and total ionization cross sections from the ground level 4 S and 2 D and 2 P metastable terms are tabulated in Table IV . We have assumed 100% branching ratio for autoionization from the 2s2p 4 2 D excited term, as we did for carbon. A surprising result is that the cross sections for the 2 D and 2 P metastable terms of N are almost identical, except very near the thresholds, which are separated by about 1.2 eV ͑see Fig. 3͒ . This makes our task of guessing the fraction of metastable atoms present in the target beam used by Brook et al. ͓11͔ easy. We found that a mixture of 70% ground level and 30% metastable 2 D term matches the experimental cross section very well, as can be seen in Fig. 3 . If it turned out that the missing autoionizing terms (2s2 p 4 2 S and 2 P) actually existed above the lowest ionization threshold, then excitation cross sections and hence autoionization contributions from each metastable target atom would be higher than the excitation to the 2s2 p 3 2 D term we have included, and consequently the fraction of metastable atoms would be reduced. Table IV , and hence make the total ionization cross section shown in Fig. 3 lower than the experimental data by Brook et al. ͓11͔ , particularly near the threshold.
C. Oxygen
As was mentioned earlier, Zipf ͓22͔ and Thompson et al. ͓23͔ produced oxygen atoms by dissociating O 2 to avoid the production of metastable oxygen, unlike the experiment by Brook et al. ͓11͔ . The comparison of the three sets of experimental data, however, suggests that the oxygen beam used by Brook et al. did not contain large fractions of metastables.
We calculated cross sections only for the ground term of O, 2s 2 2p 4 3 P. The O ϩ ion has two metastable terms, 2s 2 2p 3 2 D and 2 P. The only autoionizing term that can be reached from the ground term ( 3 P) by dipole-and spinallowed excitation is the 2s2p 5 3 P term. In Fig. 4 , we compare experimental data by Zipf ͓22͔ and by Thompson et al. ͓23͔ for both single ionization to the partial cross sections for producing O ϩ ions in three different terms and the direct ionization cross section from the ground term of O ( 3 P). The 2s2 p 5 3 P term is located at about 15.66 eV above the ground level. Excitation cross sections to the autoionizing term were calculated using MCDF wave functions, then scaled by Eq. ͑4͒. The values of B, U, N, excitation energies E, and f values are listed in Table II , and the direct, autoionizing, and total ionization cross sections are listed in Table V. The population of the ground-state J levels was averaged by statistical weight, the population of the ion levels among the ground and metastable terms was weighted also according to their statistical weight, and only those excitations between the ground term of O to the autoionizing term which were allowed by the selection rule for the dipole-and spinallowed transitions were included in the autoionization contribution.
Unlike the case of carbon and nitrogen, Dehmer et al. ͓30͔ reported that the branching ratio for autoionization of the 2s2 p 5 3 P term is about 50% according to their photoionization experiment. From their experiment, we deduced branching ratios of 59.7% for the autoionization of the upper JЈ ϭ0 level, 55.5% for the JЈϭ1 level, and 47.2% for the JЈ ϭ2 level. We applied these branching ratios to the excitation FIG. 3 . Ionization cross sections of the nitrogen atom as functions of the incident electron energy T. The circles and squares are experimental total ionization cross sections by Brook et al. ͓11͔ using 2 keV and 4 keV ion beams, respectively; the short-dashed curve is the total ionization cross section of the ground state N( 4 S); the medium-dashed curve is the total ionization cross section of the metastable N( 2 D); the long-dashed curve is the total ionization cross section of the metastable N( 2 P); and the solid curve is the total ionization cross section of a mixture ͑70% 4 S, 30% 2 D) of N in the ground and metastable states.
FIG. 4. Partial cross sections of the oxygen atom as functions of the incident electron energy T. The triangles are the experimental total ionization cross section by Zipf ͓22͔; the inverted triangles are the total ionization cross section by Thompson et al. ͓23͔ ; the shortdashed curve is the partial cross section for producing the groundlevel ion O ϩ ( 4 S); the medium-dashed curve is that for the metastable ion O ϩ ( 2 D); the long-dashed curve is that for the metastable ion O ϩ ( 2 P); and the solid curve is the direct ionization cross section of the ground-state atom O( 3 P).
cross sections before we added them to the direct ionization cross sections to obtain the total ionization cross section. In Fig. 5 , our total ionization cross section is compared to the experiments by Brook et al. ͓11͔, Zipf ͓22͔, and Thompson et al. ͓23͔ and to the theoretical results by Chung et al. ͓21͔ , who calculated the direct ionization cross sections from the distorted-wave Born cross sections with the Ochkur approximation for electron exchange, and PWB cross sections without electron exchange. Again, we see excellent agreement of the present work with the experiments particularly at low T. Thompson et al. reported a small but distinct step at the peak near Tϭ100 eV, which is not visible in the other two sets of experimental data. From the atomic structure data, we cannot find any process that could produce such a step near Tϭ100 eV.
As is the case for carbon and nitrogen, the excitationautoionization in oxygen increases the total ionization cross section by 15%-20% at the peak. It is clear, however, that major excitation-autoionization channels must be included to obtain good agreement between theory and experiment at low T.
As is the case for nitrogen, the f values for oxygen from the Opacity Project and tabulated by Wiese et al. ͓26͔ are about a factor of 5 smaller than our values calculated from MCDF wave functions ͑see Table II͒. Using the Opacity Project f values with Eq. ͑5͒ would reduce the excitationautoionization cross sections listed in Table V , and hence reduce the total ionization cross section shown in Fig. 5 , particularly near the threshold where the autoionization contributes more than the direct ionization.
IV. CONCLUSIONS
We have shown that a combination of the BEB theory ͓9͔ for the direct ionization and scaled Born cross sections for a few dominant excitation-autoionization channels produces total ionization cross sections of carbon, nitrogen, and oxygen in excellent agreement with available experimental data at all incident electron energies.
Cross sections for the production of metastable ions with the same electronic configuration as the ground state of the ion has been accounted for by weighting the BEB cross sections for the production of individual ion states according to the statistical weights of the ion states.
Only those 2s2p m states which can be reached from the initial state of the neutral atoms by electric dipole-and spin- allowed transitions have been included in the autoionization contribution. Plane-wave Born cross sections for such excitations were calculated from multiconfiguration relativistic wave functions constructed from nϭ2 and 3 orbitals. Then BE scaling ͓10͔ was applied to make them valid at low as well as high incident electron energies.
Comparisons to experiments indicate that ͑a͒ excitationautoionization increases the peak cross sections by 15%-20%, ͑b͒ theoretical cross sections near the ionization thresholds become much closer to experimental cross sections when dominant excitation-autoionization channels are included, ͑c͒ the experimental data for carbon and oxygen by Brook et al. ͓11͔ agree well with the present theoretical cross sections based on the assumption that the target atoms were in the ground state, ͑d͒ and their data on nitrogen agree well with the theory if we assume that the target beam consisted of 70% ground state and 30% metastable atoms.
For carbon and nitrogen, we assumed that all 2s excited electrons decayed through autoionization, whereas for oxygen we used the branching ratio of ϳ50% in accordance with the photoionization study by Dehmer et al. ͓30͔ . We found unexpectedly that the cross sections for excitationautoionization of the 2s 2 2p 3 2 D and 2 P metastable nitrogen are almost identical except close to their thresholds.
Unlike other experiments, that of Thompson et al. ͓23͔ reported a small step near the cross section peak at about 100 eV in the incident electron energy in their experimental cross section for oxygen. We did not find such a step in our theoretical cross section, nor did a close examination of oxygen structure data reveal any process that might be responsible for such a step.
The f values associated with the excitations to autoionizing states and tabulated by Wiese et al. ͓26͔ are smaller than the f values we have calculated from correlated relativistic wave functions by a factor of 2-5. The f values tabulated by Wiese et al., however, were calculated from wave functions optimized for transitions between bound states below the lowest ionization thresholds, and not for the autoionizing states above the ionization thresholds. The use of the smaller f values with Eq. ͑5͒ would reduce the excitation cross sections listed in Tables III-V, resulting in far smaller total ionization cross sections near the ionization thresholds in Figs. 1, 3 , and 5.
The combination of theories described in the present work not only can easily be extended to heavier atoms, as has been demonstrated for aluminum, gallium, and indium ͓13͔, but also offers a simple physical picture of dominant processes contributing to the total ionization cross section. As a byproduct, an estimate of the partial cross sections for producing metastable ions can be obtained from the weighted BEB cross sections described in Sec. II B. To calculate total ionization cross sections for singly charged ions, the BEB model modified for ions ͓31͔ can be used for direct ionization, while the BE-scaled PWB cross sections for excitationautoionization are replaced by E-scaled Coulomb-Born cross sections described in ͓24͔.
